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httpicense.Abstract The role of nanoparticles in enhancing oil recovery from oil reservoirs is an increasingly
important topic of research. Nanoparticles have the properties that are potentially useful for
enhanced oil recovery processes, as they are solid and two orders of magnitude smaller than colloi-
dal particles. This paper presents a comparison between the efﬁciency of modiﬁed silica nanopar-
ticles in enhancing oil recovery from two different Iranian light and intermediate oil reservoirs.
The mechanisms used to recover additional oil would be oil–water interfacial tension reduction
and wettability alteration. Oil phase contact angles and oil–water interfacial tensions were measured
in the absence and the presence of nano ﬂuids’ different concentrations (1–4 g/L). Results showed
that the interfacial tension reduces dramatically in the presence of nanoparticles for both light and
intermediate oil. In addition oil phase contact angle results showed a transformation of rock wet-
tability from water-wet toward oil-wet condition. However, these nanoparticles are more capable in
the reduction of the interfacial tension and the alteration of wettability in the case of light oil res-
ervoir. A comparison between recovery results indicated that these nanoparticles are more efﬁcient
in light oil reservoirs and produce more incremental amount of oil after primary and secondary pro-
cesses.
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More than 50% of the original oil in place is trapped in the
rock due to high capillary forces that prevent oil from ﬂowing
through the rock [1]. Capillary pressure which inﬂuenced by
wettability and oil–water interfacial tension is the force neces-
sary to squeeze a hydrocarbon droplet through a pore throat
[2]. Reservoir wettability plays an important role in oil recov-
ery processes and can cause drastic changes in displacement
mechanisms [3]. In addition, oil–water interfacial tension gov-
erns capillary forces, deformation of oil droplets, oil mobiliza-gyptian Petroleum Research Institute.
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Figure 1 The image of modiﬁed SiO2 nanoparticles observed
under TEM.
428 A. Roustaei et al.tion and oil recovery [4,5]. Recently, nano materials have at-
tracted many researchers’ attention in the ﬁeld of enhancing
oil recovery due to their unique properties [6–14]. The capabil-
ity of silica nanoparticles to alter the wettability of the reser-
voir rock and reduce the interfacial tension between crude oil
and brine phases has recently been actively investigated to ﬁnd
implementation in enhanced oil recovery. In the last decade,
some studies had been done for the application of silica nano-
particles in water-wet sandstone [14–18]. However, from the
view of the literature in this ﬁeld, there is a lack of fundamental
understanding about the efﬁciency of modiﬁed silica nanopar-
ticles in enhancing oil recovery of different oil reservoirs (i.e.
light and intermediate oil reservoirs). Modiﬁed silica nanopar-
ticles which are chosen for this study, have a great potential for
increasing pore scale displacement efﬁciency through the
reduction of interfacial tension and wettability alteration. This
paper presents a comparison between the efﬁciency of these
nanoparticles in enhancing oil recovery from two different Ira-
nian light and intermediate oil reservoirs.2. Materials and experimental method
2.1. Material
Core plugs used for this study are sandstone rocks obtained
from one of the Iranian oil producing formations. These core
plugs had a diameter of 38.4 mm and the lengths ranged from
68.0 to 68.5 mm, with a porosity and average water permeabil-
ity equal to 18.5% and 102 md, respectively. The composition
of the brine used in all experiments was 5 wt.% NaCl. NaCl
with a purity of 99.5% was provided by the Merck Company.
The density and viscosity of the brine were 1.05 g/cm3 and
1.09 cp at room temperature (23 C), respectively. Two types
of degassed oil used for the experiment obtained from different
formations of one of the Iranian oil reservoirs in the Dezful
embayment (i.e. Asmary and Sarvak formations). They con-
tain little amount of asphaltene (1–3 wt.%). Also, they had a
viscosity of 11.014 and 29.364 cp at 20 C and API gravity
of 33.53 and 27.43 respectively. The partially hydrophobic
fumed silica (AEROSIL R 816) was used in this study pro-
vided by Evonik Degussa GmbH. AEROSIL R 816 is a fumed
silica after-treated with hexadecylsilane based on AEROSIL
200. The physical properties of AEROSIL R816 are shown
in Table 1. As shown in Fig. 1, the shape of a nanoparticle
looks like an approximate sphere when observed under a
TEM. Different concentrations of the nano ﬂuid (1–4 g/L)
were used in this study prepared by sonication of nanoparticlesTable 1 Properties of modiﬁed silica nanoparticles.
Appearance Fluﬀy white powder
BET-Surface Area (m2/g) 190 ± 20
Average primary particle size (nm) 12
Tapped density (g/l) 40
SiO2 (wt.%) P99.8
Al2O3 (wt.%) 60.05
Fe2O3 (wt.%) 60.01
TiO2 (wt.%) 60.03
HCl (wt.%) 60.025
Wettability Partially hydrophilicin ethanol for 30 min (600 W, 20 kHz). After nano ﬂuid
preparation, the solutions were placed for one week in a closed
transparent bottle away from degrading factors such as light
and heat to ensure its homogeneity and stability. (Fig. 2)
2.2. Experimental method
Four different concentrations of nano ﬂuid were considered
for contact angle and interfacial tension measurements. The
concentration yielding the highest change in contact angle
and the lowest value for interfacial tension was considered
the ideal concentration and employed in nano ﬂuid injection
processes. In order to observe the impact of nanoparticles on
wettability alteration, two sets of plates were sawed from sam-
ples, polished and laid vertically in nano ﬂuid at room temper-
ature (23 C). Then, side images of oil drops on the sandstone
plates were taken using a microscopic camera and the contact
angles were measured (Fig. 3). The volume of the drops was
manually tuned with a precision syringe in order to obtain
the smallest possible size. In addition, oil–water interfacial ten-
sion was measured before and after the application of nano ﬂu-
ids’ different concentrations at ambient pressure and room
temperature by pendant drop method [19]. To perform interfa-
cial tension measurement, images of oil droplets surrounded
by brine and different concentrations of nano ﬂuid were taken
by a microscopic camera. The drop parameters were measured
from the drop dimension. The IFT was calculated based on the
Eq. (1):
r ¼ ðgde=Þ  ðqo qwÞ ð1Þ
where qo and qw are oil and water density (gr/cm
3), g is the
gravitational constant at the point of measurement (cm/s2), is
a shape factor based on the ratio of R= ds/de, de is the maxi-
mum horizontal diameter of the drop (cm) and ds is the diam-
eter of the drop measured at the height de above the bottom of
the drop. For coreﬂood test, ﬁrst core plug was saturated with
light oil and the second one was saturated with intermediate
oil. Then, coreﬂood experiments were performed under
ambient pressure and at room temperature with a ﬂow rate
of 60 cc/h. Plugs were ﬂooded with two pore volumes
(1 PV = 14.56 cc) of brine to mimic primary and secondary
recovery processes. Afterward, they were ﬂooded with two
PV of nano ﬂuid and lastly with another two PV of brine to
sweep nano ﬂuid from the core samples.
Figure 2 The prepared modiﬁed SiO2 nano ﬂuid (a) and the efﬂuent produced after nano ﬂuid injection into core plugs that were
saturated by light (b) and intermediate (c) oil.
Figure 3 A schematic diagram of contact angle measurement setup.
Figure 4 Measured water/crude oil contact angle of the water-
wet samples aged in different concentrations of nano ﬂuid.
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3.1. Contact angle and interfacial tension measurement
Wettability conditions were estimated before and after the sur-
face treatment with nanoparticles by measuring the oil phase
contact angle in the presence of water. As mentioned before,
oil phase contact angles of nano ﬂuids’ at different concentra-
tions (1–4 g/L) were examined to determine the optimum
concentration of nano ﬂuid for injection in core samples. Oil
phase contact angles of the untreated sandstone plates were
about 135.5 and 130 respectively in the ﬁrst and second set
of core plates (Figs. 4 and 5) implying water-wet characteristic
of the rock surfaces. These measurements were performed by
using light and intermediate oil for the ﬁrst and second sets
of core plates respectively. On the other hand, contact angles
on the surface treated plates with different concentrations of
Figure 5 Wetting condition of sandstone slices (water/crude oil) before and after surface treatment with nanoparticles in the case of light
(A and B) oil and intermediate oil (C and D).
430 A. Roustaei et al.nanoparticles decreases to 66 in the ﬁrst set of core plates
while, it dips to 101 in the second one. Therefore, an alter-
ation was observed in the rock wettability after surface treat-
ment with modiﬁed silica nanoparticles. It is well known that
the wettability of a solid surface was related directly to the so-
lid–ﬂuids and ﬂuid–ﬂuid interactions. Maybe, the adsorption
of nanoparticles on plate surface and consequently the change
of free surface energy is the reason behind the alteration of
wettability to more water-wetting conditions. This can be con-
sidered as the role of solid–ﬂuids interaction. In addition,
ﬂuid–ﬂuid interaction in the presence of nanoparticles can be
another reason for such an alteration in rock wettability.
The interfacial forces in a three-phase system were related to
one another in a famous equation known as the Young’s law,
Cosh ¼ ðrsw  rosÞ=rwo ð2Þ
where h is the oil phase contact angle and r denotes inter-
facial tension. Superscripts sw, so, and wo represent the so-
lid–water, solid–oil, and water–oil interfaces, respectively.
The presence of nanoparticles at the oil–water interface pro-
vides a decrease in oil–water interfacial tension. Therefore,
according to Eq. (2), Cosh increases linearly as the oil–water
interfacial tension decreased and consequently the oil phase
contact angle (h) decreased, implying transformation of the
system toward oil-wet condition. A comparison between the
contact angle measurements for different concentrations of
nano ﬂuids revealed that the concentration of 3 g/L had been
more capable of changing the wettability for both systems.In addition, nanoparticles have greater capability on wettabil-
ity alteration in the case of light oil reservoirs.
It should be noted that in this study only the role nanopar-
ticles’ adsorption on wettability alteration of the rock surface
was investigated, because slices were placed vertically in nano
ﬂuids during the surface treatment process.
The reduction of interfacial tension between oil and water is
very important, thus allowing the recovery of oil trapped in
smaller pores and part of the residual oil remained in the pores
after water ﬂooding and it will lead to a reduction of the cap-
illary pressure within the pores. As Fig. 6 illustrates, employing
nano ﬂuid lowers oil–water interfacial tension from 26.5 mN/m
to less than 1.95 mN/m for the light oil system and from
28.3 mN/m to 7.3 mN/m in the case of the intermediate one.
Oil–water interfacial tension was reduced with an increase in
the concentration of nano ﬂuid. According to interfacial ten-
sion measurement results for different concentrations of nano
ﬂuid, a concentration of 3 g/L showed the signiﬁcant share of
interfacial tension reduction in proportion to its concentration.
It was considered as the optimum concentration and was em-
ployed in coreﬂood experiments. Reduction of interfacial ten-
sion demonstrated the nano ﬂuids’ potential to mobilize
immobile oil and improve oil recovery [5]. This leads to easy
ﬂow of the trapped oil, because it reduces the work of defor-
mation needed for oil droplets to move through the pore
throat [4]. A comparison between the amount of interfacial
tension reduction in the case of light and intermediate oil
showed that these nanoparticles had stronger impact on the
reduction of interfacial tension in light oil reservoir. The
Figure 6 Oil–water interfacial tension before and after the application of Nano ﬂuids’ different concentrations for light (A and C) and
intermediate (B and D) oil.
An evaluation of modiﬁed silica nanoparticles’ efﬁciency 431mechanistic reason for this reduction in oil–water interfacial
tension is unknown to us, though it is certainly related to the
interactions between oil phase/nano ﬂuid and aqueous phase/
nano ﬂuid. However, as nanoparticles are found energetically
favorable to adsorb to a ﬂuid–ﬂuid interface, adsorption of
nanoparticle-ethanol complex at the interface can be a possible
explanation for the observed phenomena. In fact, when the
nanoparticles-ethanol complexes replace water and/or oil mol-
ecules of the original interface, the interaction across the inter-
face is now between the hydrophilic part of the complexes and
water molecules on one side of the interface and between the
hydrophobic part of the complexes and oil molecules on the
other side of the interface. Since these interactions are now
much stronger than the original interaction between the highly
dissimilar oil and water molecules, the tension across the inter-
face is reduced by the presence of the nanoparticle- ethanol
complexes [20].
3.2. Oil recovery
The total oil recovery was increased after the application of
modiﬁed silica nano ﬂuid in both ﬁrst and second core samplesFigure 7 Oil recovery results for waterﬂooding and na(Fig. 7 and 8). As can be clearly seen, waterﬂooding recovery of
the ﬁrst core plug, which was saturated by light oil is 54.01%
and that of the second one which was saturated by intermedi-
ate oil is 41.65%. However, the oil recovery was increased by
25.43% and 14.55% respectively in ﬁrst and second core sam-
ples after the injection of nano ﬂuid. A comparison between
the recovery results revealed that nano ﬂuid can produce a sig-
niﬁcant amount of oil after primary and secondary recovery
processes. However, the capability of nano ﬂuid in enhancing
oil recovery depended on the oil type and varies for different
oil reservoirs. According to results of the interfacial tension
and contact angle measurement, when nanoparticles are intro-
duced to the porous media, some of them may adsorb on the
rock surface and others react with the immobile oil droplets
and mobilize them to ﬂow. In both samples, the interfacial ten-
sion reduction and wettability alteration played an essential
role in enhancing oil recovery. However, these mechanisms
are more effective in enhancing oil recovery from light oil res-
ervoirs. Furthermore, the effect of ethanol itself as a surfactant
was investigated for both samples and the results obtained
indicated that about 14.21% and 9.33% of the trapped oil
was produced after the injection of ethanol respectively inno ﬂuid injection in ﬁrst and second core samples.
Figure 8 A schematic of produced oil after injection of nano ﬂuid into core samples.
Figure 9 Role of nanoparticles in wettability alteration and
consequently direction of capillary curvature in the pore throat
before (a) and after surface modiﬁcation with nanoparticles (b and
c).
432 A. Roustaei et al.the ﬁrst and second core samples. Therefore, partition coefﬁ-
cient of nanoparticles (the ratio of recovered oil by nanoparti-
cles to recovered oil by nano ﬂuid) would be 44.29% and
35.87% for ﬁrst and second samples and the efﬁciency of nano-
particles in oil recovery is supported by these results.
3.3. Efﬂuent ﬂuids
Nano ﬂuid has a different color before and after injection into
core samples (Fig. 2). As can be clearly seen, the color of the
nano ﬂuid produced as efﬂuent ﬂuid from the core plugs turns
from a white cloudy solution to pale greenish yellow in both
samples. Difference in the color of nano ﬂuid before and after
injection into core sample revealed that a reaction may take
place between the nano ﬂuid and the reservoir oil or between
the rock and the nano ﬂuid. According to contact angle and
interfacial tension variations (Figs. 5 and 6), it may be con-
cluded that both reactions are probable for the samples, and
nano ﬂuid reacted with both rock and reservoir oil.
3.4. Mechanism
After waterﬂooding, almost all the remaining oil is immobile.
The discontinuous residual oil which is the target of the nano
ﬂuid exists in the form of small spherical globules behind pore
throats and cannot pass through them [21]. The presence of
nano ﬂuid in porous media enhanced oil recovery through
two main mechanisms of interfacial tension reduction and wet-
tability alteration from water-wet toward oil-wet condition.
Reduction of interfacial tension decreased the work of defor-
mation needed for oil droplets to move through the pore
throat [4]. Therefore, the trapped oil packets are mobilized
and can pass through the pore throat easily. In addition, cap-
illary pressure acts as a barrier in pore throat for the displace-
ment of mobilized oil from one pore to another (Fig. 9).
However, wettability alteration changed the role of capillary
force from a barrier to a driving force. In fact, the direction
of capillary force was turned when the wettability of the systemwas transformed from water-wet toward oil-wet condition
(Fig. 9b and c).
4. Conclusion
In this work, we present a comparison between the efﬁciency
of modiﬁed silica nano ﬂuid in enhancing oil recovery from
two different Iranian light and intermediate oil reservoirs.
An evaluation of modiﬁed silica nanoparticles’ efﬁciency 433Based on the obtained results the following conclusions can be
drawn:
(1) Modiﬁed silica nano ﬂuid improved oil recovery through
major mechanisms of interfacial tension reduction and
wettability alteration toward oil-wet condition.
(2) Based on contact angle and interfacial experiments, the
concentration of 3 g/L showed a signiﬁcant share of
interfacial tension reduction and high capability in the
transformation of wettability toward oil-wet condition.
It was considered as the optimum concentration and
was employed in coreﬂood experiments for both light
and intermediate oil systems.
(3) Modiﬁed silica nanoparticles are more capable in the
reduction of interfacial tension and the alteration of wet-
tability in the case of light oil reservoir.
(4) Oil recovery was improved after the application of nano
ﬂuid in the ﬁrst and second core samples. However, these
nanoparticles are more efﬁcient in light oil reservoirs.
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